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ABSTRACT: The preparation of bimetallic nanoparticles with controlled size,
shape, and composition remains a difficult task, and reproducible methods are highly
desired. Here, we report the codecomposition of Ni(cod), and Pd,(dba)
organometallic precursors in the presence of hexadecylamine (HDA) and hydrogen
as an eflicient approach to get size-controlled bimetallic nickel—palladium
nanoparticles. Presynthesized nickel—palladium nanoparticles of different Ni/Pd
ratios were further used for the preparation of supported catalysts by the sol—
immobilization method onto a magnetic silica. The obtained supported catalysts

Ni(cod)2 + Pd2(dba)s

’ Toluene, HDA, H2

NiePd  NiPd NiPds

Ni

Pd

were investigated in the hydrogenation of cyclohexene and compared to Ni and Pd monometallic catalysts. The catalysts
prepared with a 1:9 Ni/Pd molar ratio achieved the highest initial turnover frequency > 50 000 h™", providing higher activity than
the pure Pd monometallic counterpart. This represents an important saving of noble metal. Moreover, the magnetic separation
allows excellent separation of the catalyst from the liquid products without metal leaching and exposure to air, leading to an

efficient recycling.

KEYWORDS: organometallic synthesis, bimetallic nanoparticles, monometallic nanoparticles, nickel, palladium, hydrogenation,

magnetic separation

1. INTRODUCTION

Metal nanoparticles are attractive materials in many fields
ranging from physics (hard or soft magnetic materials; optics;
microelectronics) to catalysis."> In catalysis, metal nano-
particles are receiving considerable interest due to their strong
potential (high number of active surface sites) which has long
been used in heterogeneous catalysis (heterogeneous catalysts
for difficult hydrogenations, electrocatalysts for fuel cells), but
which also appears promising in the solution phase.>~"!

Among others, bimetallic nanoparticles constitute an
important class of nanocatalysts due to the high number of
possibilities for varying the structure and composition toward
designing new properties.'> Bimetallic nanoparticles are usually
classified on the basis of the chemical distribution of the two
metals in the particles. For example, one can distinguish
bimetallic alloys characterized by the formation of a statistical
distribution of the two elements, metallic solid solutions, or
hetero/core—shell nanostructures, which contain segregated
domains of both metals. Synergistic effects are expected to arise
from the presence of the two metals and the intimate contact
between them."*™"*

Most of the solution-phase methods for preparing metal
nanoparticles to be applied in catalysis involve the use of metal
salt precursors under reducing conditions.'™> Nevertheless,
the decomposition of organometallic precursors has emerged as
an efficient and reproducible approach toward the preparation
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of well-controlled metal nanoparticles in terms of dispersion,
size distribution, and composition.” The nanoparticles
obtained using this method are suitable for meaningful studies
of their morphology—property relationships.*>

Preferable precursors are based on olefinic organometallic
complexes that decompose easily under a dihydrogen
atmosphere, via hydrogenation of the olefinic ligands, into
corresponding alkanes that are inert toward the metallic
surface.”” Thus, metal nanoparticles with a surface free of
contaminants from metal precursors or reducing agents are
produced; this is a great advantage if one wants to deeply
explore their surface chemistry, because the only molecules
present on the surface are the polymers or ligands used for their
stabilization. As a result, the organometallic approach has also
been considered to be suitable for preparing nanomaterials for
catalytic applications that can benefit from clean metal surfaces
or from functionalized ones, when choosing specific stabilizing
ligands.*>**

Organometallic synthesis can be employed to prepare metal
nanocatalysts in solution (colloidal suspensions), as well as to
obtain supported catalysts using various inorganic solids as their
supports.”* ™" Supported metal nanoparticles are usually more
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suitable for catalytic applications than nanoparticles in colloidal
suspensions not only because of their easy separation but also
due to the beneficial interactions between the nanoparticles and
the support that can improve the catalytic activity, compared to
the pristine metal nanoparticles in solution.**~>°

The preparation of supported nanocatalysts can be
performed by simple impregnation of a chosen support with
a colloidal suspension containing preformed nanoparticles™
(also called the sol—immobilization method) or by the direct
synthesis of supported nanoparticles by the decomposition of
an organometallic complex in the presence of a solid support.>!
This second way appears as a simplified “one-pot” procedure,
which consists of adding an organometallic precursor solution
to a solid support and then submitting the mixture to molecular
hydrogen pressure to induce the formation of the particles in
the presence of the support. For example, the organometallic
complexes bis(cyclooctadiene)-nickel(0) [Ni(cod),] and tris-
(dibenzylideneacetone)-dipalladium(0) [Pd,(dba);] were used
to prepare supported Ni(0)**> and Pd(0)** nanoparticles as
catalysts for hydrogenation reactions. The Ni(0) catalyst
prepared from Ni(cod), was resistant to oxidation; most of
the sample remained as Ni(0), even after storage in air, and
only partial surface oxidation occurred. Additionally, the
surface-oxidized nickel species could be reduced back to
Ni(0), the catalyst’s active form, under very mild hydrogenation
reaction conditions (1 bar of dihydrogen at 75 °C). The so-
obtained nanocatalyst exhibited high activity in the hydro-
genation of cyclohexene and could be recycled 15 times
without deactivating (TOF up to 1500 h™', 75 °C, and 6 atm of
dihydrogen).>* The catalytic properties were excellent, but this
method provided nickel aggregates instead of size-controlled
nanoparticles.

We report, here, the preparation of supported Ni, Pd, and
bimetallic NiPd nanoparticles by immobilization of preformed
nanoparticles onto a magnetic silica support (sol—immobiliza-
tion method). The colloidal nickel—palladium nanoparticles
were synthesized by the simultaneous decomposition of
Ni(cod), and Pd,(dba); in the presence of hexadecylamine
(HDA) as stabilizer. The so-obtained nanomaterials were tested
as catalysts for the hydrogenation of cyclohexene, providing a
comparative study of the relationships between structure and
activity.

2. EXPERIMENTAL SECTION

2.1. General Procedures. The synthesis of the nano-
catalysts and the catalytic experiments were carried out under
an argon or dinitrogen atmosphere using vacuum line
techniques or a glovebox. The reactions were performed with
standard Schlenk tubes or Fischer—Porter glass reactors.
Toluene was purchased from SDS and dried through a
purification machine (MBraun MB SPS-800). Cyclohexene
(Sigma-Aldrich) was dried with MgSO, and distilled under a
dinitrogen atmosphere. The solvents were used immediately
after drying.

The synthesis of the catalyst support was carried out under
air conditions. MeOH (99.8%) was purchased from Synth, and
NH,OH (28%) was purchased from J.T. Baker. The reagents
were of analytical grade and commercially available (Aldrich),
including Ni(cod),. Pd,(dba); was purchased from Strem
Chemicals.

2.2. Catalyst Preparation. The following notation is used
for the catalyst samples prepared in this study: FFSi denotes the
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catalyst support, and x and y denote the Ni and Pd molar ratios,
respectively.

2.2.1. Preparation of Ni,Pd, Nanoparticles. A mixture of
Ni(cod), and Pd,(dba)s, containing 0.9 mmol of metal (nickel
and palladium) in different molar ratios of Ni/Pd (1:0, 9:1, 1:1,
1:9, and 0:1), was introduced into a Fischer—Porter glass
reactor under an argon atmosphere. A solution of hexadecyl-
amine in toluene (30 mL, 0.3 mol-L™") was then transferred
under an argon atmosphere to the Fischer—Porter reactor
immersed in an ethanol/liquid nitrogen bath containing the
organometallic precursors. The mixture was submitted to a
vacuum to remove the argon and then pressurized under
dihydrogen (3 bar).

The cold bath was removed and the mixture was vigorously
stirred until reaching room temperature (r.t.). The reactor was
submerged in an oil bath at 110 °C, and the mixture was stirred
for 20 h, leading to the formation of the bimetallic
nanoparticles. These solutions of Ni,Pd, were used as obtained
for the preparation of supported catalysts by the sol—
immobilization method detailed in Section 2.2.2.

The nanoparticles were purified to compare their catalytic
activity with the supported colloidal nanoparticles. The solution
of Ni,Pd, in the Fischer—Porter reactor was concentrated to 5
mL under vacuum conditions. The resulting suspension was
immersed in an ice bath, and 30 mL of cold pentane was then
added to precipitate the nanoparticles. The supernatant was
removed with a syringe, and the solid was washed § times with
30 mL of cold pentane, giving rise to purified nanoparticles.

2.2.2. Sol-Immobilization of Ni,Pd, Nanoparticles. The
catalysts supported on the silica-coated magnetite were
prepared using the sol—immobilization method. The silica-
coated magnetite support (FFSi) was prepared by reverse
microemulsion and functionalized with amino groups
(FESiNH,), as previously reported.>*

The immobilization of the preformed Ni,Pd, nanoparticles
on the magnetic support was carried out in a Schlenk flask
under an argon atmosphere. To 1 g of FESiNH, previously
dried under vacuum for 1 h (0.2 mbar, r.t.) was added 6 mL of
the nonpurified solution of NiPd, nanoparticles described
above. The mixture was stirred for 2 h, the solid was
magnetically recovered, and the final solution was removed
with a syringe. The solid was washed four times with 6 mL of
pentane and then dried under vacaum conditions for 1 h (0.2
mbar, r.t.). The final nanomaterials, denoted as
FFSiNH,Ni,Pd, were stored under air conditions.

2.5. Catalytic Tests. The catalytic tests were based on the
hydrogenation of cyclohexene under solvent-free conditions.
The cyclohexene was dried with MgSO, and distilled under N,
just before its use. All transfers were performed in an N,
atmosphere with a syringe. The catalytic reactions were carried
out in a Fischer—Porter reactor connected to a hydrogen gas
reservoir by a pressure regulator responsible for keeping a
constant pressure inside the reactor. The hydrogen con-
sumption was measured with a signal transducer connected to
the hydrogen reservoir. The catalytic activity of each catalyst
was determined at the beginning of the reaction by the slope of
the linear curve obtained from the plot of TON (turnover
number) versus the time of the reaction. In a typical
experiment, an amount of catalyst containing 9.75 X 107*
mmol of metal (nickel and palladium) was first submitted to a 1
bar manometric of hydrogen and 75 °C for 1 h for the catalyst
activation. Fresh distilled cyclohexene (1.6 g, 19.5 mmol) was
then added, and the mixture, under magnetic stirring, was
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Figure 1. Electron micrographs of (a) Ni, (b) Ni,Pd, (c) NiPd, (d) NiPd,, and (e) Pd colloidal nanoparticles obtained at 110 °C in toluene, in the
presence of HDA (metal/HDA = 1:10), and the corresponding size histograms (), (b’), (c’), (d'), and (e’), respectively.

submitted to a 6 bar manometric of dihydrogen, and heated at
75 °C until the completion of the reaction.

2.6. Characterization Techniques. The morphology, size,
and dispersion of colloidal and supported bimetallic nano-
particles were characterized by an electronic microscopy
technique using a JEOL JEM 2010 microscope, working at
200 kV with a resolution of 2.35 A. The samples were prepared
by the deposition of a drop of the suspension on a covered
holey copper grid, followed by drying under vacuum conditions
over 15 h. The diameter of ca. 200 particles was measured for
each sample from enlarged micrographs using Image Tool
software. Using Origin software, size-distribution histograms
fitted to Gaussian or LogNormal functions were used to
determine the mean diameters and the statistical size
distributions of the nanoparticles.

The Ni and Pd content was measured using an inductively
coupled plasma optical emission spectrometer (ICP OES) at
the “Service Central d’ Analyses” of the National Center for
Scientific Research (CNRS) in Lyon using an iCAP 6300 from
Thermo Scientific, and at the “Central Analitica” of the Institute
of Chemistry at the University of Sdo Paulo (IQ/USP) using
the Spectro Ciros CCD. The CHN measurements were carried
out with a PERKIN ELMER 2400 series II at the “Service d’
Analyses” of LCC CNRS-Toulouse.

The magnetization curves of the nanocatalysts were acquired
on a Quantum Design Model MPMS 5.5 SQUID magneto-
meter (S T, at 2K). The analysis was performed by the service
of magnetic measurements of CNRS-Toulouse. The saturation
magnetization was deduced from the nickel and palladium
content determined ICP OES analysis.

The dispersion of metal atoms within the individual
nanoparticles was investigated by the acquisition of composi-
tional maps using a JEOL-JEM 2100F microscope available at
the Nanotechnology National Laboratory (LNNano)
(CNPEM, Campinas, SP). The XED-Spectrum Imaging
technique was employed with a Digital Micrograph 1.8 system
(Gatan, Inc.) controlling a Thermo-Noran XEDS. The
spectrum images (SI) were acquired with a dwell time of 2
s/pixel using the drift correction facility at every 100 s. XED
spectra were acquired in the 0—10 keV energy range at each
pixel. Electron probe sizes of ca. 0.7 nm were obtained
operating the JEM 2100F instrument in the STEM mode,
allowing enough current density at each sample point for the
acquisition of statistically significant X-ray counts for the
investigated elements.

The X-ray photoelectron spectroscopy analysis was carried
out with a spherical analyzer VSWHA-100 equipped with an
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aluminum anode (Al line Ka, hv = 1486.6 eV). The spectra
were corrected for sample charging by adjusting the binding
energy for Si 2p in SiO, to 103.5 eV. The data was processed by
removing a Shirley background and fitting Gaussian curves.

For the catalytic tests, the completion of the hydrogenation
reactions was checked carefully by determining the end of
hydrogen consumption, and by gas chromatography, using a
Shimadzu GC-2010 with a 30 m Rtx-5 column. Parameters: Ti
= 50 °C, Tf = 150 °C, heating rate = 10 °C/min.

3. RESULTS AND DISCUSSION

3.1. Preparation of Ni,Pd, Nanoparticles. The prepara-
tion of the monometallic nanoparticles by the decomposition of
Ni(cod),® or Pd,(dba);* in a tetrahydrofuran solution under
dihydrogen and in the presence of hexadecylamine (HDA) has
been previously reported. Well-defined palladium and nickel
nanoparticles were obtained with a metal/HDA molar ratio of
1:10. However, different morphologies were observed accord-
ing to the temperature of decomposition of the corresponding
organometallic precursors (nickel nanorods at 70 °C* and
spherical palladium nanoparticles at r.t.*®). The decomposition
of Ni(cod), in the presence of HDA requires a higher
temperature than Pd,(dba); to produce metal nanoparticles,
due to a slower rate of decomposition.

In this study, we first reinvestigated the synthesis of
monometallic nickel and palladium nanoparticles with the
aim to find adequate conditions to obtain nanoparticles of
similar size and morphology. In order to reach higher reaction
temperatures to perform the decomposition of the organo-
metallic precursors, we replaced tetrahydrofuran with toluene.
Moreover, toluene is a noncoordinating solvent, whereas
tetrahydrofuran may interact with the metal surface. Size-
controlled nanoparticles were thus synthesized in toluene under
3 bar of dihydrogen at 110 °C, at a 1:10 metal/HDA molar
ratio. The same reaction conditions were applied to prepare
bimetallic nickel—palladium nanoparticles by codecomposition
of the two organometallic precursors. Figure la—e show typical
electron micrographs of the resulting nearly spherical Nj,
NigPd, NiPd, NiPdy, and Pd nanoparticles, with mean
diameters of 6.3(1.3), 6.1(1.5), 4.2(1.2), 5.1(0.8), and
5.4(1.1) nm, respectively.

The degree of purification of the nanoparticles is important
for many applications; however, we met some difficulties in
removing the nanoparticles from the organic media containing
excess HDA. The strategy followed in this study was repeated
cycles of precipitation of the nanoparticles, with cold pentane in
an ice bath, but it was not possible to avoid the simultaneous

dx.doi.org/10.1021/cs500337a | ACS Catal. 2014, 4, 1735—-1742
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precipitation of HDA, resulting in low metal content in each
isolated powder (determined by ICP OES, Table 1). The Ni/

Table 1. Composition of Monometallic and Bimetallic
Nanoparticle Powders

entry sample Ni (wt %) Pd (wt %) Ni/Pd (mol/mol)
1 Ni 4.75 1:0
2 NiyPd 2.34 0.43 9.1:0.9
3 NiPd 1.32 2.31 5.1:49
4 NiPd, 0.28 391 1.1:8.9
6 Pd 16.25 0:1
7 Pd 85 0:1

“Purified at room temperature.

Pd ratio determined experimentally was very close to the
theoretical ratio, which suggests a good control on the
decomposition of both metal precursors. Conversely, the
purification performed at room temperature (entry 7, Table
1) greatly improved the removal of HDA, but the large amount
of wasted nanoparticles made this process impractical. We will
later show that the preparation of the supported nanomaterials
by the sol-immobilization method could be carried out with
nonpurified colloidal solutions, which avoids the purification
steps.

3.2. Preparation of Supported NiPd, Catalysts. For
this study, we have chosen a catalyst support that exhibits
superparamagnetic properties, and therefore, it can be
recovered with a permanent magnet (high saturation magnet-
ization), and can be redispersed immediately after removal of
the magnetic field (absence of remanence). The magnetic
separation is a powerful tool for easy and fast separation of the
catalyst from liquid phase reactions, avoiding laborious work-up
procedures for catalyst separation and product purification, and
the exposure of the catalyst to air. Magnetically recoverable
catalysts have been used in a wide range of catalytic reactions to
develop more efficient and green chemical processes.*” >’

The process to prepare the magnetically recoverable catalysts
consists of adding colloidal suspensions of Ni, NigPd, NiPd,
NiPdy, and Pd nanoparticles to a magnetic solid composed of
silica-coated magnetite nanoparticles for impregnation. How-
ever, the immobilization of metal nanoparticles into the
magnetic support is not straightforward, and it depends on
the strength of the metal nanoparticle-to-support interactions.
We have previously reported that the functionalization of the
support surfaces can enhance the impregnation rate of metal
salts*® and metal nanoparticles*' on silica-based supports, an
important step for catalyst preparation. The functionalization of
solid supports has become a strategy to prepare supported
homogeneous catalysts***> and nanocatalysts.** In this study,
we first observed that the loading of metal in the chosen
magnetic support, FFSi, was very low (0.24 wt %), but if the
magnetic support was functionalized with the amine group,
FFSiNH,, then the metal loading was enhanced to 0.80 wt %.
Therefore, only FFSiNH, was further used as support. The
nanomaterials obtained after the metal nanoparticle immobili-
zation are denoted as FFSiNH,Ni, FFSiNH,NigPd,
FFSiNH,NiPd, FESiNH,NiPd,, and FFSiNH,Pd. The TEM
images of the supported nanocatalysts depicted in Figure 2
confirm the core—shell structure of the support material, as
previously reported,* and the metal nanoparticles immobilized
on the silica surface.
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Figure 2. Electron micrographs of the supported colloidal nickel—
palladium nanoparticles. (a) FFSiNH,Ni, (b) FFSiNH,Ni,Pd, (c)
FESiNH,NiPd, (d) FFSiNH,NiPd,, and (e) FFSiNH,Pd.

It is worth mentioning that the supported Ni,Pd, nano-
particles had the excess HDA removed during a post-
impregnation washing step, which consists of a repeated
solvent extraction procedure with pentane. This was confirmed
by the low carbon contents of the supported nanocatalysts,
determined by C/H/N analysis (Table 2). Additionally, the C/
H/N results are very close to the values obtained for the
support without nanoparticles. Approximately 30% of the
theoretical amount of metal was deposited in the amine-
functionalized support, and the Ni/Pd ratio remained the same
after immobilization (Table 2).

3.3. Characterization of the Bimetallic Nickel—Palla-
dium System. The synthesis and characterization of bimetallic
nanoparticles are complicated because different metal domain
distribution are possible, such as core—shell structures, ordered
or disordered nanoalloys, and a mixture of the two metals as
monometallic nanoparticles. The information concerning the
metal domain distribution is crucial to understand the catalytic
behavior of bimetallic nanoparticles. The magnetic properties of
the nickel—palladium nanoparticles were studied before
immobilization to avoid the overlap with the magnetic
properties of the magnetic support. In Figure 3, the obtained
magnetization curve M X H showed that the air-protected
samples Ni, NigPd, NiPd, and NiPd, exhibit saturation
magnetization of 51, 32, 30, and 10.8 emu~g_1, respectively.
The values obtained for Ni, NiPd, and NiPd, are in agreement
with bulk nickel and nickel—palladium alloys under similar
analysis conditions and similar Ni/Pd ratio (see refs 35, 45, and
46 for Ni, ref 47 for NiPd, and refs 48 and 49 for NiPd,). We
could not find information about NigPd alloys under the same
analysis conditions. The saturation magnetization values
obtained are consistent with the presence of both metals in
the same nanoparticle, which suggests the formation of
nanoalloys.

dx.doi.org/10.1021/cs500337a | ACS Catal. 2014, 4, 17351742
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Table 2. Elemental Analysis Determined for Supported Bimetallic Ni,Pd, Nanoparticles

entry sample Ni (%) Pd (%) Ni/Pd (mol/mol) C (%) H (%) N (%)
1 FFSiNH,Ni 0.64 1:0 4.53 0.97 0.93
2 FFSiNH,Ni,Pd 0.36 0.05 9.3:0.7 2.94 1.64 0.77
3 FFSiNH,NiPd 0.43 0.63 5.1:4.9 3.83 0.96 0.96
4 FFSiNH,NiPd, 0.05 0.68 1.1:89 3.35 1.62 0.96
S FFSiNH,Pd 0.8 0:1 3.99 112 0.93
6 FFSiNH, 3.02 0.81 0.58
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Figure 3. Magnetization curve M X H of Ni, NigPd, NiPd, and NiPd,
colloidal nanoparticles at 2K.

The metal domain distributions on the supported Ni,Pd,
nanoparticles were assessed from chemical mapping using the
STEM-XEDS technique as presented in Figure 4. As shown in
the respective compositional maps, there is some segregation of
nickel at the nanoparticle surface. This observation is consistent
with the analysis of many compositional maps, obtained from
different regions of the samples.

XPS analysis (Figure Sa and Table 3) showed that the nickel
on the surface of the bimetallic nanoparticles is present mostly
in its oxidized form. The intensity of the satellite peaks at
around 861 eV for FFSiNH,Ni, FFSiNH,Ni,Pd, and
FESiNH,NiPd is in agreement with the presence of oxidized
nickel (Figure 5a).>° The 2p3/2 peaks for the samples
FFSiNH,NiPd, FESiNH,NiPd, are shifted toward the binding
energy of Ni(0) species,”’ probably because the higher amount
of Ni—Pd bonds in these systems compared to FFSiINH,NiyPd.
The binding energies of Pd 3d5/2 and 3d3/2 and the difference
between them (5 eV) are consistent with Pd(0)° in the
samples FFSiNH,Pd, FFSiNH,NiPd, and FFSiNH,NiPd. As
observed in Figure S(b), there is a small shift of the Pd 3d3/2
peaks to lower binding energies for the bimetallic catalysts
compared to pure Pd system, which is in agreement with the
observed for others NiPd alloy.*” The binding energy for Pd 3d
in the sample FESiNH,Ni,Pd was not determined because of
the low Pd content.

The presence of segregated regions of Pd and Ni in the
bimetallic nanoparticles observed by STEM-XEDS in this study
is common in nickel—palladium alloys because of the mismatch
of the atomic size of Ni and Pd, which favors the formation of a
disordered alloy system.>> The accumulation of nickel on the
nanoparticle surface provides some evidence about the
mechanism of the formation of the bimetallic nanoparticles
from the organometallic precursors, Ni(cod), and Pd,(dba);,.
From previous results,>>> it was shown that the reactivity of
Pd,(dba); and Ni(cod), with dihydrogen is quite different.
Under the studied conditions, it is expected that Pd,(dba),

1739

Figure 4. Bright-field STEM images and the corresponding nickel and
palladium compositional maps of representative regions of (a)
FESiNH,NiPd and (b) FFSiNH,NiPd,.

decomposes first into Pd(0) nanoparticles, which may then
catalyze the decomposition of Ni(cod),, leading to bimetallic
systems containing palladium at the core and excess nickel on
the surface. Additionally, the characterization by STEM-EDS
and XPS could be only performed after air exposure, which
could cause nickel oxidation and the reorganization of the
nanoparticles structure accumulating nickel oxide on the
nanoparticle surface.

3.4. Catalytic Activity of Nickel-Palladium Nano-
catalysts in the Hydrogenation of Cyclohexene. The
bimetallic nanocatalysts were applied in the hydrogenation of
cyclohexene, a model substrate for the hydrogenation of
olefins.**™° The reaction was monitored by hydrogen

dx.doi.org/10.1021/cs500337a | ACS Catal. 2014, 4, 1735-1742
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Figure 5. XPS spectra of the supported Ni,Pd, Ni and Pd
nanoparticles. (a) Ni 2p 3/2 and (b) Pd 3d.

Table 3. XPS Parameters for Supported Bimetallic Ni Pd,
Nanoparticles

BE (V)
entry sample Niyy3/0 Pdy4s/2,3/2
1 FESINH,Ni 854.8
2 FFSiNH,Ni,Pd 854.7 ND*
3 FFSiNH,NiPd 853.7 340.3; 334.9
4 FFSiNH,NiPd, 852.1 340.5; 335.7
S FESiNH,Pd 340.7; 335.5

“ND = not detected.
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consumption versus time, and the turnover frequency (TOF)
was expressed by mol ,qonexene'MOly; + pa_ “h7! at initial rates.
The catalytic activities obtained for the monometallic nickel
and palladium and the series of bimetallic nanomaterials in the
hydrogenation of cyclohexene are summarized in Table 4.

Table 4. Catalytic Performance of FFSiNH,NiPd, in the
Hydrogenation of Cyclohexene®

entry catalyst TOF® time® (min)
1 FFSiNH,Ni 0 nr
2 FESiNH,Ni,Pd 0 nr
3 FFSiNH,NiPd 14 000 150
4 FESiNH,NiPd, 56 000 25
N FFSiNH,Pd 37000 45
6 NiPd, 15900 150

“Reaction conditions: 20 000 mol of cyclohexene per mol of metal, 6
bar of H,, 75 °C. *TOF expressed as Mol gpexene MOLy; 4 I
“Time for complete reaction. nr = no reaction after 12 h.

Usually, nickel is less active than palladium in hydrogenation
reactions;’” therefore, we could expect that nickel’s segregation
to the surface of the bimetallic catalysts would result in less
active catalysts than the monometallic palladium catalyst. The
FESiNH,NiPd and FFSiNH,Ni,Pd catalysts were indeed less
active than the monometallic FESiNH,Pd, but the
FESiNH,NiPd, catalyst was unexpectedly more active than
the monometallic one. Because the sizes of the nanoparticles in
FFSiNH,Pd and FFSiNH,NiPd, are very close (ca. 5.4 and S.1
nm, respectively), we can exclude a size effect, and the catalytic
results can be due to a synergistic effect of nickel and palladium.

In hydrogenation reactions, the enhancement of catalytic
activity for the bimetallic nickel—palladium catalysts (bulk and
nanoparticle systems), compared with the monometallic
palladium catalyst, is usually explained by the segregation of
palladium on the alloy surface.>® The improvement of the
palladium activity when deposited on the nickel surface was
discussed, by theoretical and experimental studies, in terms of
the influence of nickel on the electronic properties of palladium
(even for palladium coverage higher than 1 atomic layer),* =%
or in terms of the partial relaxation of the palladium strain that
creates new active sites.*>%*

Changes in the electronic properties of palladium usually
occur when bimetallic systems are formed with a more
electronegative metal than palladiumf5 which is not the case
of nickel. However, the magnetic properties of nickel must also
be considered as causing electronic modifications to palladium
in nickel—palladium systems. For example, theoretical studies
show that nickel promotes an enhancement of the magnetic
moment of palladium in a bimetallic system.®® In this study, the
characterization techniques used suggest that nickel is
segregated on the surface of the bimetallic nanoparticles, and
the most active catalyst contains low nickel loading (1:9 Ni/Pd
molar ratio). It is more reasonable to expect that the relaxation
of the interlayer and intralayer distances caused by the
geometric arrangement of the atoms, as observed for nickel
ultrathin films deposited on palladium,”” contributes to the
increased activity of this bimetallic nanocatalyst, outperforming
the Pd monometallic catalyst. However, it is important to
consider that the surface chemistry in nanoparticles is different
from the bulk counterparts, and other undetermined effects can
probably be related to the observed catalytic activity.
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The nonsupported colloidal nanoparticles, NiPdy, do not
exhibit the same catalytic activity as the FFSiNH,NiPd,
supported catalyst under similar reaction conditions (see
Table 4, entry 6). This difference can be related to the
decrease in the HDA coverage at the metal surface, after the
removal of the HDA during the washing steps, which is
facilitated by the immobilization of the colloidal nanoparticles
on the silica support. Additionally, when the amino function-
alized support (FFSiNH,) is added to the solution containing
HDA-stabilized nanoparticles, the —NH, groups grafted on the
support can enhance the metal—support interaction, which
results in the attachment of the nanoparticles onto the surface
of the solid. Partial displacement of the HDA by those ligands
grafted on the support surface is expected, and the new
nanoparticle—support interactions can also affect the catalytic
properties of the supported metal nanoparticles.

There are a few examples of similar studies concerning the
hydrogenation of olefins using nickel—palladium nanocatalysts.
Massard et al.%® prepared core(Ni)—shell(Pd) nanoparticles
supported on @-alumina using two methods: (1) mixing
alumina-supported Ni(0) nanoparticles into a solution of
palladium acetylacetonate in the presence of dihydrogen and
(2) synthesizing colloidal nanoparticles by the sequential
reduction of nickel and palladium acetylacetonate, followed
by impregnation on an alumina support. These catalysts, with
size diameters of 5—6 nm, were tested in the selective
hydrogenation of buta-1,3-diene, but the TOF of the bimetallic
systems was 10 times lower than that of monometallic
palladium catalysts. The authors concluded that the surface
reconstruction during catalysis, which could be considered
responsible for the enhancement of the catalytic activity of the
palladium on the nickel surface, did not occur on the 5 nm
supported nickel—palladium particles. However, in our study,
we observed a different behavior: a small amount of Ni
concentrated on the surface of 5 nm nickel—palladium
nanoparticles can promote the catalytic activity of palladium.

3.4. Recycling Experiments. A great advantage of using a
magnetic support in catalysis relies on the possibility of easily
separating the catalyst from the products by simply applying an
external magnet. Recycling experiments were carried out for the
most active FESINH,NiPd, catalyst in the hydrogenation of
cyclohexene. The catalytic reactions during the recycling
experiments were performed until completion, and the initial
TOFs were obtained from the slope of the hydrogenation
curves (turnover number versus time) at low conversion (<20%
conversion). The catalyst exhibited high stability upon
recycling, and after five cycles, no significant decrease in
activity was observed, compared to the initial catalytic
performance (Figure 6). The amount of palladium and nickel
in the cyclohexane product was quantified by ICP-OES
(palladium <0.02 ppm and nickel <0.01 ppm), and no leaching
was observed. The functionalization of the magnetic support
with amino groups not only contributed to improve the loading
of the metal nanoparticles but also promoted a strong
interaction of the metal nanog‘articles and the support surface,
thus avoiding metal leaching.

4. CONCLUSION

We reported in this study, for the first time, the preparation of
nickel—palladium nanoparticles through the codecomposition
of Pd,(dba); and Ni(cod), organometallic precursors. The
synthesis of colloidal nickel—palladium nanoparticles in the
presence of 10 mol equiv of HDA allowed the formation of
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Figure 6. Successive cyclohexene hydrogenation reactions using
FFSiNH,NiPd,.

well-controlled bimetallic nanoparticles with similar size and
morphology in all Ni/Pd molar ratio studied. We then
investigated the sol—immobilization method for the prepara-
tion of supported bimetallic nickel—palladium using an amino-
functionalized silica-coated magnetite support. The excess
HDA was easily removed after the immobilization of the
colloidal bimetallic nanoparticles on the magnetic support by
pentane washing. The supported catalysts were very active for
cyclohexene hydrogenation. The most active nanocatalyst
contained the 1:9 Ni/Pd molar ratio, which is economically
important, because it provides a catalyst with less Pd but more
activity than the Pd monometallic counterpart. The magnetic
separation was crucial to the performance of the catalysts
presented in this study, because it provides excellent separation
of the catalyst from the liquid products without metal leaching
and exposure to air, allowing for efficient recycling. Further
studies will be performed to investigate the possibility of
synthesizing NiPd nanoparticles with good size control and
dispersion by direct decomposition of the organometallic
precursors over the support, as alreadz demonstrated for Ni
and Pd monometallic nanoparticles.*>*
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